Compared to conventional ensemble methods, studying macromolecules at single-molecule level can reveal extraordinary clear and even surprising views for a biological reaction. In the past 20 years, single-molecule techniques have been undergoing a very rapid development, and these cutting edge technologies have revolutionized the biological research by facilitating single-molecule manipulation and detection. Here we give a brief review about these advanced techniques, including optical tweezers, magnetic tweezers, atomic force microscopy (AFM), hydrodynamic flow-stretching assay, and single-molecule fluorescence resonance energy transfer (smFRET). We are trying to describe their basic principles and provide a few examples of applications for each technique. This review aims to give a rather introductory survey of single-molecule techniques for audiences with biological or biophysical background.
Introduction
Investigations of biological processes with the use of conventional ensemble techniques have made a remarkable impact toward our understanding of the underlying mechanisms. However, it is extremely difficult to fully comprehend the complex biological processes on a bulk level only. All biological processes, both in vivo and in vitro, are composed of reactions of single molecules, thus studying the entire processes at the single-molecule level will provide us with deep mechanistic information, which is usually hard to be revealed in ensemble experiments. Fortunately, in the past decade, a number of novel single-molecule techniques have been developed, which are revolutionizing our ability to study biological processes by either manipulating [1, 2] or detecting [3] individual biomolecules. Compared to conventional ensemble experiments, in which a large number of molecules are studied or monitored simultaneously and average properties are obtained, single-molecule experiments offer the following advantages. First, they allow observation of short-lived or transient states. Second, the distributions of molecular properties of inhomogeneous systems can be plotted by conducting enough number of sequential measurements of single molecules. Third, dynamic information in real time can be recorded.
In this review, we will focus mainly on force-based manipulation techniques, including optical tweezers, magnetic tweezers, atomic force microscopy (AFM), hydrodynamic flow-stretching assay and fluorophore-based detection method, single-molecule fluorescence resonance energy transfer microscopy. For each technique, the basic principles are described and a handful of application examples are introduced.
Optical Tweezers

Basic principles of optical tweezers
It has been more than 30 years since Ashkin and his colleagues reported the first use of a tightly focused light beam capable of holding microscopic particles in three dimensions [4] , which is now commonly referred as optical traps or optical tweezers [5] . An optical trap is formed by tightly focusing a laser beam with a high numerical aperture microscope objective. In the vicinity of focus, a very strong electric field gradient is formed. According to conservation of momentum, dielectric particles near the beam focus will experience an optical force due to transfer of momentum from the absorption or scattering of incident photons. The optical force has traditionally been decomposed into two components: (i) a scattering force, which pushes dielectric particle along the direction of light propagation and (ii) a gradient force, which attracts dielectric particle along the direction of the spatial light gradient [5] [6] [7] . The balance between the gradient force and the scattering force is needed for stable trapping in all three dimensions. As a result of this balance, the trapped particle is displaced at the axial equilibrium position which locates slightly downstream from the exact position of the laser focus. For small displacements (~150 nm) of the trapped particle from its equilibrium position, the force applied to the particle is linearly proportional to the displacement. In this way, an optical trap behaves as a simple spring in three dimensions, which follows Hooke's law and the stiffness is proportional to the light intensity [6, 7] .
One advantage of optical tweezers over other techniques, such as magnetic tweezers (see below), is the trap position can be altered at high frequencies by moving the laser beam, which is required to probe multiple conformational states [8] .
Applications of optical tweezers
The optical tweezers not only exert forces but can also be used to measure forces and displacement in real time. It has become a powerful technique for single-molecule manipulation and measurements. Several different trapping geometries have been adopted during the development of this technique [9, 10] . For single-trap optical tweezers, one bead is held by the focused laser beam and another bead is attached to a surface of a glass slide or a suctioned bead on the micropipette (Fig. 1A, B) . The construction of such single-trap optical tweezers is less complicated and cost-effective. For a higher stability and better resolution, dual-trap optical tweezers have also been developed (Fig. 1C) . The two traps are formed from the same laser beam with orthogonal polarizations, which largely decreases the beam drift due to the laser pointing fluctuation. Depending on how forces are applied to the tethered molecules, optical tweezers can be operated in several different modes [10] : (i) pulling/relaxation mode; (ii) constant force mode (or force-clamp mode); and (iii) passive mode. In pulling/relaxation mode, the force increases or decreases gradually as two traps come farther or closer. In constant force mode, a constant tension can be maintained to the tethered molecule through a feedback loop. In passive mode, the trap separation can be maintained constantly and the forces exerted on the tethered molecule are allowed to be changed freely. The passive tweezers offer a faster response, which makes them capable of capturing changes down to sub-second time scale. Optical tweezers have been applied widely, from detecting structural mechanical properties of biological polymers to dissect mechanochemistry of molecular motors. Here we will briefly introduce some common applications of this technique.
Elastic properties of DNA Elastic properties of DNA have been studied with optical tweezers [11, 12] . When single double-stranded DNA molecules (dsDNA) or single-stranded DNA (ssDNA) molecules are stretched from their two ends, the extensions of DNA polymers increase with increments of the applied forces, therefore typical force-extension curves (FEC) can be acquired. The dsDNA FEC can be well fit by a worm-like chain model [11] , whereas the ssDNA FEC can be fit by a freely jointed chain model [13, 14] . Similarly, single protein or protein complexes can be studied in the same way, however with defined domain structures with different folding energies, the domains in the proteins may unfold in a sequential manner. Through detailed data analysis and fittings, the kinetics property of these molecules, such as folding rate, folding energy and transient states, can be extracted and a full energetic landscape can be constructed [15] .
Kinesin
Motor proteins like kinesin have been extensively studied by optical tweezers in the past decades. Kinesin is a double-headed motor protein that processively walks along microtubules by hydrolyzing ATP when transporting cargo. In the early 1990s, the step sizes of single kinesins advancing on microtubules were directly determined around 8 nm by using optical tweezers for the first time [16] . Then the detailed information, such as stall force and velocity, has been further studied by using the same technique [17] . Hirose and coworkers [18] detected differences in the dwell time of every other step by using single mutant heterodimeric kinesin molecules. Their results implied that two heads hydrolyze ATP alternately, excluding inchworm model. However, an asymmetric hand-over-hand model was proposed when Block and coworkers [19] found that single kinesins move with limping along microtubules. In a recent work, the role of the neck linker in regulating stepping of kinesin was investigated with neck linker mutants of various lengths [20] .
RNA polymerase RNA polymerase (RNAP) is a large protein complex that moves processively along a DNA template to synthesize RNA with the energy coming from the nucleotide condensation reaction. Since the first optical trapping studies of Escherichia coli RNA polymerase [21, 22] , optical tweezers have been proved to be a powerful tool for the study of RNAP. Block and coworkers [23] used an ultra-stable optical trapping system to monitor transcriptional elongation by single molecules of Escherichia coli RNAP. The single-base-pair (3.4 angstrom) steps taken by single RNAP molecules as they move along DNA were resolved [23] . In addition to prokaryotic RNAP, eukaryotic RNA polymerase II (Pol II) was also studied by optical tweezers [24] . They further studied the influence of nucleosome, on transcription elongation. Their results indicated that nucleosome impedes elongation, causing increased pause density and slowed pause recovery [25] . Recently, the initiation of Pol II transcription was observed in real time [26] .
Magnetic Tweezers
Basic principles of magnetic tweezers
The basic physical principles of magnetic tweezers (Fig. 2) are that a magnetic particle placed in a magnetic field gradient will experience a force in the direction and proportional to the field gradient [27, 28] . For the basic and canonical implementation of magnetic tweezers, a pair of permanent magnets is suspended above the flow cell, exposing the flow cell to a magnetic field which exerts an upward pulling force F on the magnetic bead. Below the bottom coverslip of the flow cell, an objective, connected to a charge-coupled device (CCD) camera, is located, so the image of the bead can be recorded from the objective focal plane. A parallel light source, usually a light-emitting diode (LED), is located above the permanent magnets and illuminates the magnetic bead and sample. The interference between unscattered illumination light and the light scattered by the bead generates a concentric ring pattern around the image of the bead. The lateral (x,y) position of the bead is determined from the centroid of the rings. The axial (z) position of the bead is determined from the shape and size of the interference pattern. The stretching force F imposed on magnetic bead will decrease or increase as the local magnetic field gradient is decreased or increased when the permanent magnets are moved up or down. In addition, rotating the magnets, coupled to a rotary motor under the control of the computer, results in a rotation of the bead [2, 27, 29] .
The stiffness of magnetic tweezers is relatively smaller when compared with that of optical tweezers or AFM. Magnetic tweezers allow one to exert forces ranging from a few femtoNewtons (fN = 10 −15 N) to greater than 100 pN on magnetic bead [30] . In addition, it is more convenient for magnetic tweezers to apply a constant force, while optical tweezers or AFM cantilevers require an appropriate feedback mechanism. Although magnetic tweezers are a powerful technique, the temporal and the spatial resolution in measurements are limited by the video-based detection [2] .
Applications of magnetic tweezers
One can manipulate single biomolecule such as DNA or hairpins, as they are tethered between the magnetic beads and the surface of the cover slips, and record the forces and end-to-end distances of the tethered molecules in real time. The ability to move or rotate magnetic beads makes magnetic tweezers ideal tools for the study of individual biomolecule, such as DNA topology and topoisomerase.
DNA topology
The early experiment with magnetic tweezers used to investigate the topological characteristics of single supercoiled DNA molecule was conducted by Croquette and coworkers [31] . In their study, extension-rotation curves for individual-phage DNA molecules were measured. At low forces, the DNA extensions decreased irrespective of the sign of supercoiling attributed to the formation of plectonemic supercoils. However, at high forces, in negatively supercoiled tethered DNA, extension changes very little in response to decreased linking number (Lk), which is very different from that at low forces.
In subsequent examples, the effect of stretching forces ranging from 0.01 pN to 100 pN on supercoiled DNA in various ionic conditions was investigated [32] .
Topoisomerase
Topoisomerases are enzymes that participate in a multitude of DNA processes, including DNA replication, transcription, condensation, as well as chromosome segregation, to overwind or unwind DNA.
Magnetic tweezers were applied to study Type II topoisomerase by Bensimon and coworkers for the first time in 2000 [33] . In their study, a single Drosophila melanogaster topoisomerase II acting on a linear DNA molecule was followed in real time. By monitoring the DNA's extension in the presence of ATP, they directly observed the relaxation of two supercoils during a single catalytic turnover. Taneja et al. [34] used magnetic tweezers to study the relaxation process of supercoiled DNA caused by topoisomerase V, which belongs to Type I subfamily of topoisomerases. They observed multiple events of turn-relaxation with different sizes.
Atomic Force Microscopy
Basic principles of AFM AFM is primarily used for imaging purpose [35] , however, with minor modifications it becomes a simple tool for single-molecule studies [2, 36, 37] . When one uses AFM for a typical single-molecule force spectroscopy (SMFS) (Fig. 3) , single tethers of molecules, such as DNA or interacting molecules, are formed between the sample stage surface and tip of the AFM cantilever [38] . The sample stage is typically mounted on an AFM piezoelectric actuator which can move in three dimensions through voltage-induced displacements with angstrom precision. In some systems, the piezoelectric actuator is mounted to the AFM cantilever holder, which allows the movement of the cantilever to be directly controlled [37] . The move of the piezoelectric actuator to increase the separation between the cantilever and the sample stage will result in the tension in the tethered molecules and simultaneously the deflection of the cantilever. The deflection of the cantilever is measured from the displacement of a laser beam reflected off the back of the cantilever and projected onto a positionsensitive detector (PSD). The cantilever behaves as a Hookean spring and the force applied to the tethered molecule is proportional to the deflection of the cantilever, so the force can be derived by Hooke's law with the deflection and the pre-calibrated spring constant of the cantilever. The extension of the molecule can be obtained by subtracting the deflection of the cantilever from the distance of AFM scanner movement [39] . The acquired data can be plotted in the forceextension curve which contains plenty of valuable information. It is worth noticing that the force-clamp AFM is available now, by which a constant force can be maintained [40] . Although AFM allows significantly higher force to be applied to biomolecules, which is required to stretch biomolecules into highenergy conformations in some cases, the large minimal force makes it difficult to study many biological systems and their structures [2] . Moreover, nonspecific bindings or interactions between AFM tips and sample surfaces or surface-adsorbed contaminants sometimes are not easy to be discriminated and may complicate the results.
Applications of AFM
Receptor-ligand interactions
With the use of AFM, Marshall et al. [41] investigated the impact of force on the interactions of P-selectin complexes with P-selectin glycoprotein ligand-1 (PSGL-1) which are crucial for mediating leukocyte tethering and rolling on vascular surfaces during tissue injury or inflammation. Their data demonstrated the formation of so-called catch bond as well as transitions between catch and slip bonds, which helped to explain why leukocyte rolling on selectins first increased and then decreased as wall shear stress increased.
Mechanical unfolding of proteins
The first example of mechanical unfolding of a single protein molecule with AFM was reported by Mitsui et al. [42] in 1996. In the following year, AFM study of the mechanical properties of titin, the giant sarcomeric protein of striated muscle, was published by Reif et al. [43] . In their experiments, individual titin molecules were repeatedly stretched, and the force-extension curves showed a sawtooth pattern, which was attributed to the sequential unfolding of individual titin domains. It is worth to mention the state-of-the-art work done by Daneil Muller and his coworkers [44] on chaperonassisted folding studies for membrane proteins. They established AFM assay to measure the on-site stepwise refolding toward its native state into lipid membrane of a relatively large protein LacY facilitated by its chaperon YidC. A series of proteins (such as tenascin [45] , spectrin [46] , fibronectin [47] , ubiquitin [48] , filamin [49] , ankyrin [50] , CB1 [51] ) have also been investigated by using AFM. These studies revealed fundamental properties of proteins when subjected to mechanical tension, which could not be obtained with classical ensemble experimental techniques.
Hydrodynamic Flow-Stretching Assay
Basic principles of hydrodynamic flow-stretching assay Like magnetic tweezers, in which magnetic fields generate force, hydrodynamic flow-stretching assay (Fig. 4) utilizes hydrodynamic flow fields to induce stretching force [53] . For the commonly used hydrodynamic flow-stretching assay, individual DNA molecule or other biopolymer, is attached at one end to a glass coverslip surface and another end to a superparamagnetic bead. The bead is levitated by a magnetic force generated by a rare earth magnet placed above the coverslip. The levitating of the bead allows reduction of nonspecific bead-surface interactions during the experiment. An objective is placed below the coverslip for the bead imaging. When a laminar fluid flow is applied above the coverslip surface, the DNA molecules will be stretched by a force in the direction of the flow. The force is proportional to the flow rate and the diameter of the bead. The assay is based on the different elastic properties between single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA) (Fig. 5) . When compared to ssDNA, dsDNA exhibits larger extension at low stretching forces, while smaller extension at high forces. The conversion from dsDNA to ssDNA or from ssDNA to dsDNA, caused by nucleic-acid-dependent enzymes activity, will change the extension, which can be determined by tracking the position of the beads [53] .
In contrast to the single-molecule manipulation techniques introduced above, hydrodynamic flow-stretching assay benefits from low cost and simple design. However, spatial resolution of hydrodynamic flow-stretching assay is relatively low. Moreover, the stable fluid flow rate, and thus the constant stretching force, is not easy to control during the experiments. Applications of hydrodynamic flow-stretching assay λ exonuclease Xie and coworkers [52] used hydrodynamic flow-stretching assay to investigate the enzymatic activity of λ exonuclease which can degrade each strand of duplex DNA in the 5′ to 3′ direction and results in the conversion of dsDNA to ssDNA. In their experiments, enzymatic digestion of λ-phage DNA by individual bacteriophage λ exonuclease molecules was tracked in real time. Statistical analyses of their data showed that the average rate of digestion was 32 nucleotides per second.
HIV-1 reverse transcriptase
In vivo, HIV-1 reverse transcriptase (HIV-1 RT) which comprises two subunits, p66 and p51, is capable of transcribing cDNA on RNA templates, synthesizing DNA on cDNA templates, and degrading RNA templates. The DNA polymerization activity of HIV-1 RT on DNA templates was studied by Kim et al. [54] with the flowstretching assay. During the experiments, they observed the fast primer extension DNA synthesis on single-stranded regions of DNA with a rate of 18.7 nt/s and a slow DNA synthesis induced by hairpin on template which is called strand displacement synthesis.
DNA primase DNA primase, a type of RNA polymerase, synthesizes short RNA primers which are required in the synthesis of lagging-strand DNA during DNA replication. Using hydrodynamic flow-stretching assay, Lee et al. [55] studied the effect of primase activity on the progression of DNA replication fork. The transient pauses during the highly processive leading-strand synthesis were characterized. The formation and release of a replication loop on the lagging-strand during the simultaneous synthesis of leading-and lagging-strand was also observed. Their experiments suggested that DNA primase acts as a molecular brake to prevent leading-strand synthesis from progressing too far ahead of the lagging-strand synthesis.
Single-molecule Fluorescence (Förster) Resonance Energy Transfer (smFRET)
Basic principles of smFRET
FRET is an energy transfer process from a donor to an acceptor through non-radiative dipole-dipole interaction [56] . The emission spectrum of the donor and the excitation spectrum of the acceptor must have significant overlap. When the donor is in the excited state and close proximity to the acceptor, the excitation energy of the donor can be transferred to the acceptor, resulting in the emission of the acceptor. The efficiency of energy transfer E FRET is formulated as E FRET = (1 + (R/R 0 ) 6 ) −1 , where R is the distance between donor and acceptor, and R 0 is the characteristic distance (Förster distance) at which 50% energy is transferred [57] . SmFRET is an application of FRET wherein a pair of donor and acceptor fluorophores is excited and detected on a single molecule rather than on different molecules as in ensemble FRET. Since FRET efficiency is a function of the distance between donor and acceptor, smFRET allows measurements of distance within 10 nm at single-molecule level [58] .
Before and during the use of smFRET, the following three points need to be taken into consideration. First, it is difficult to estimate the absolute distance by using smFRET because the energy transfer is dependent on the environment and orientation of the dyes. Second, site-specific labeling of donor-acceptor pair to the molecules of interest is generally challenging, especially for many proteins. Third, the distance between donor and acceptor must be within 10 nm, otherwise FRET will not be triggered [56] .
Applications of smFRET
In smFRET measurements, different domains of a biological macromolecule can be labeled site-specifically by a donor-acceptor pair, which provides a special tool to investigate protein folding and fine conformational changes.
Protein folding
The first investigation of protein folding by smFRET was reported by Deniz et al. [59] in 2000. They observed the folded and denatured subpopulations of chymotrypsin inhibitor 2 (CI2), and confirmed a two-state folding model for CI2. Schuler et al. [60] carried out smFRET measurements to study a small cold-shock protein (Csp). Limits on the polypeptide reconfiguration time were calculated. Further study of Csp was conducted by coupling a microfabricated laminar-flow mixer to a confocal optical system, which allowed measurements of the FRET efficiencies of individual dyelabeled protein molecules under non-equilibrium conditions [61] .
Protein conformational change
LeuT is a prokaryotic neurotransmitter transporter homolog which mediates Na + -dependent transport of leucine and alanine. By using smFRET, Zhao et al. [62] established an assay which showed that in the absence of Na + , LeuT switches between inward-open and inward-closed conformations, which indicated by two readily distinguished FRET states, low-and high-FRET, respectively. Then transitions from high-FRET to low-FRET state of individual molecules were observed under conditions of both saturated Na + and unsaturated Na + with leucine, indicating that the conformational changes are associated with substrate binding and transport. In their further study, they investigated the alanine-induced dynamic conformational change of LeuT [63] .
Conclusions and Perspectives
In spite of these recent advances, there is still much room for the improvement of these techniques. With the developments of instrumentation and methodology, the spatial and temporal resolutions will be further improved, therefore the applicable topics will be further expanded [64] . In addition, hybrid single-molecule technique combining manipulation with imaging is becoming a new trend [65] . Besides, a number of attempts have been made to use singlemolecule techniques inside living cells to study biological processes under real physiological environments [66] . Steps taken to in vivo test from in vitro, will bring these technologies to a brand new era, which will allow us to peek the real world in life science.
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